Abstract The risk of predation generally entails alterations in prey behaviour or morphology, but only a few organisms, such as caddisfly larvae, are able to undergo rapid morphological changes mediated by behaviour. Here I explore whether predatory fish (Squalius pyrenaicus) and crayfish (Procambarus clarkii) provoke similar responses from caddisfly larvae (Calamoceras marsupus) in terms of the speed of case construction and the use of different materials differing in their protective value (sticks > leaves; tough leaves > soft leaves). Laboratory experiments demonstrated that C. marsupus larvae were able to recognise both types of predators, and responded to them by constructing a case within hours. Moreover, predation risk motivated the use of more protective materials for case construction when compared to controls. The response to the crayfish was faster than that to the fish, which could be related to differences in the nature and predation efficiency of different predators (i.e. crayfish may be more efficient at predating on leaf litter-dwelling invertebrates than fish, which live in the water column). This study provides novel evidence about the expression of morphological defences mediated by behavioural responses to predation risk, and demonstrates that the speed of case construction and its resulting protection level can vary depending on predator nature.
Introduction
The risk of predation causes many organisms to alter their behaviour or morphology (Relyea 2001) . Behavioural responses to the presence of predators include reduced activity, increased use of refuges or spatial avoidance, while morphological responses generally involve body shape changes or the growth of defensive structures (Hoverman et al. 2005) . These two types of response seem to be evoked by different sets of cues and to serve as independent solutions to the problem of avoiding predators (McIntyre et al. 2004 ). However, there is an intermediate situation in which a behavioural response is translated directly into morphological change: the use of portable refugia by hermit crabs (Hazlett 1981) or caddisfly larvae (Otto and Svensson 1980) .
Hermit crabs are obligate occupants of empty gastropod shells (Briffa et al. 2008) . Some caddisfly larvae use hollow sticks in a similar way (Boyero and Pearson 2006) , while others construct a case using pieces of organic or inorganic material cemented with silk that they secrete (Otto 2000) . These structures cover the softer, more vulnerable parts of their bodies, and predation risk often triggers the use of more protective cases, e.g. cases that are heavier (Otto and Johansson 1995) , larger (Otto 2000) , or made of more resistant material .
However, the role of predators in caddisfly case polymorphism is not yet well understood. An unresolved question that I explore here is whether caddisfly larvae are able to respond similarly to predators of a different nature. I exposed larvae of a caddisfly species (Calamoceras marsupus) that shows case polymorphism experimentally to chemical cues from predatory fish (Squalius pyrenaicus) and crayfish (Procambarus clarkii) to which they are exposed naturally, and compared case construction behaviour between these larvae and unexposed individuals. My observations provide novel evidence about the expression of morphological defences mediated by behavioural responses to predation risk by different types of predators.
Methods

Natural history
Experimental animals were collected in October 2010 from a stream reach of the Canuto de Valdeinfierno, at approximately 150 m a.s.l. The stream (36.23°N, 5.61°W) is located within Los Alcornocales Natural Park (LANP) in southwestern Spain. This stream and others in the area ('canutos') flow through deep valleys with riparian forest that is a relict from the Tertiary and unique in continental Europe. The forest is composed of species such as Laurus nobilis, Rhododendron ponticum, Ilex aquifolium, several ferns, and the black alder Alnus glutinosa, the leaves of which accumulate in the stream during the autumn (September-December) forming the main food source for the detritivore C. marsupus. Other species common in the area are the Algerian oak or 'quejigo' (Quercus canariensis), the cork oak (Quercus suber) and the 'acebuche' (Olea europaea var. sylvestris).
Individuals of C. marsupus show case polymorphism in the study stream. Some construct their case using pieces of leaves, while others use pieces of wood, generally sticks (Fig. 1) . The material used seems to be related to larval size, as body length of leaf-type larvae is greater than that of stick-type larvae (see below). Both types of larvae coexist in the same leaf patches and thus are exposed to the same predation level. Potential predators of C. marsupus in the study stream include the native fish Squalius pyrenaicus (Steindachner) and the exotic red swamp crayfish Procambarus clarkii (Girard). P. clarkii, native to North America, was introduced into southwestern Spain in the 1970s (Cruz and Rebelo 2007) . Although it was introduced originally into lowland, marsh areas of the Guadalquivir basin (Gil-Sa´nchez and Alba-Tercedor 2002) , it has since expanded its distribution and colonised streams, including those of LANP (L.B., personal observation; B. Nebot, personal communication).
Animal collection and maintenance Individuals of C. marsupus were collected manually from the stream leaf litter and transported to the laboratory in 30 · 25 · 12 cm plastic containers filled with stream water and black alder leaves. They were kept in the laboratory in similar containers filled with dechlorinated tap water, which was renewed every 2-3 days, and fed ad libitum with black alder leaves. All individuals were active in captivity and consumed leaves at high rates.
To simulate differences in predation risk, I used water conditioned with chemicals from each of the predators. Individuals of S. pyrenaicus and P. clarkii were captured with a hand net and transported to the laboratory in separate plastic zip-lock bags filled with stream water. Once in the laboratory they were allowed to acclimate for several hours in separate 30 · 25 · 12 cm plastic containers. Fish were then placed in an aerated aquarium filled with dechlorinated tap water, where they were fed ad libitum with frozen chironomid larvae (the potential presence of chironomid chemicals in the water would not elicit an anti-predatory response from the caddisflies and thus was very unlikely to affect the results). Crayfish were moved to plastic containers filled with dechlorinated tap water, where they were fed ad libitum with black alder leaves (they discarded other food types such as chironomid larvae and commercial fish food). The experiments lasted for 2 weeks after which the fish were freed at the site from which they were collected and the crayfish were euthanized in 70% ethanol.
Experiments 1 and 2: case construction under different levels of predation risk To assess the effect of differences in perceived predation risk upon case construction in C. marsupus larvae, materials were presented to uncased larvae under treatments that simulated the presence of predators. The treatments were: (1) no predator stimulus (control); (2) fish stimulus; and (3) crayfish stimulus. The stimuli were prepared as follows: 15-ml aliquots of water from the fish aquarium or crayfish containers were frozen and stored at À4°C for subsequent use, and the same procedure was repeated using dechlorinated tap water to be used as a control (no predator chemicals). The caddisfly larvae were removed from their cases by gently pushing them from the posterior end of the case with soft-tipped forceps. I ran two different experiments using stick-type and leaf-type larvae, respectively.
Experiment 1: stick-type larvae I tested whether predation risk determined the construction of a case and the use of material of different toughness (sticks > leaves) for its construction. I hypothesized that (1) larvae not exposed to chemical cues would not construct a case within the duration of the experiment, or would start constructing one using leaves; and (2) larvae exposed to chemical cues from predatory fish or crayfish would detect them and construct a case using sticks. Twenty-four 18 · 13 · 6 cm plastic containers were filled with dechlorinated tap water and their bottoms were covered with clean, commercial gravel to facilitate larval movement. Each container was provided with one piece of leaf of A. glutinosa (ca. 10 · 6 cm) and with several sticks. These resulted from the discarded cases, which were dismantled and washed to remove any traces of silk. The sticks from all cases (and some additional ones collected from the ground) were mixed together and divided into groups of 15-20 units, which were added to the containers; any that floated were discarded. To each container I added one individual of C. marsupus and one ice cube containing stimuli from fish or crayfish, or no stimulus (n = 8 in all cases). Treatments were assigned randomly to containers. The containers were checked every 2 h (with the exception of the last observation, see below), noting which larvae were constructing a case and which type of material they were using. Immediately after each set of observations I added an ice cube to the containers. Observations were made 2, 4, 6 and 12 h after the experiment started (with stimuli added at 0, 2, 4 and 6 h). When the experiment was terminated, animals were euthanized in 70% ethanol and their body length was measured.
Experiment 2: leaf-type larvae I tested whether predation risk determined the construction of a case and the use of material of different toughness (tough leaves > soft leaves). I hypothesized that (1) larvae not exposed to chemical cues would not construct a case within the duration of the experiment, or would start constructing one using any leaf type; and (2) larvae exposed to chemical cues from predatory fish or crayfish would detect them and construct a case using tough leaves. Containers were set up as for the previous experiment and each one was provided with one leaf piece (ca. 10 · 6 cm) of Q. canariensis (tough) and another of A. glutinosa (soft). One uncased individual of C. marsupus and one ice cube containing stimuli from fish or crayfish, or no stimulus (n = 8 in all cases), were added to each container. Treatments were assigned randomly to containers. The containers were checked every 2 h, noting which larvae were constructing a case and which leaf type they were using. Immediately after each set of observations, I added an ice cube to the containers. Observations were made 2, 4, 6 and 8 h after the experiment started (with stimuli added at 0, 2, 4 and 6 h). When the experiment was terminated animals were euthanized and their body length measured.
Experiment 3: behavioural reaction to the addition of fish stimulus I observed any changes in the activity of cased C. marsupus larvae after the addition of chemical cues from the fish S. pyrenaicus. I hypothesized that larvae would reduce their activity upon detection of the stimulus, and the response would be higher in leaf-type than in sticktype larvae because their cases are potentially more vulnerable to predator attacks. Each animal was placed within an 18 · 13 · 6 cm plastic container filled with dechlorinated tap water, with the bottom covered with clean, commercial gravel. They were left to acclimate for 10 min, as pilot observations had indicated that this would be ample time for larvae to resume apparently normal behaviour. The experiment consisted of two phases, each lasting 3 min. Between the first and second phases I added 15 ml water to the container using a small plastic cylinder, as carefully as possible to minimise disturbance. In control runs I added dechlorinated tap water and in treatment runs I added water from the fish aquarium. In each phase of a trial I recorded the time in seconds (out of 180 s) during which the animal was active (i.e. not withdrawn within its case and either walking or moving its legs), using a stopwatch. Trials were repeated until I had tested 20 stick-type larvae and 20 leaf-type larvae (10 control and 10 treatments in each case).
Statistical analyses
For experiments 1 and 2, I used the Pearson chi-square statistic to compare case construction (yes/no) and material used (sticks/leaves in the first experiment; tough/soft leaves in the second experiment) depending on predation risk. I first compared the three groups (control, fish, crayfish) and, if the result was significant, I made separate comparisons between controls and each of the treatments, applying a sequential Bonferroni correction to P values. As some cell counts were lower than recommended for the Chi-square test of significance (JMP statistical software, SAS Institute, Cary NC), P values were calculated using randomisation procedures; 1,000 permutations were used to produce a random distribution of the chi-square statistic, and the P value was calculated as the number of simulated values that were below the observed one divided by 1,000 (as in . Potential effects of animal size were explored with logistic regression, in which body length was the continuous regressor and 'case construction' (yes/no) or 'material used' (sticks/leaves, or tough/soft leaves) were the categorical responses. For experiment 3, I computed the difference between time active in phase 1 and time active in phase 2, as a measure of the effect of the chemical stimulus. The difference in activity between phases (log e transformed) was analysed with a full-factorial, two-way analysis of variance (ANOVA), with treatment (control or fish stimulus) and larval type as main factors (see Boyero et al. 2008) .
Results
Experiments 1 and 2: case construction under different levels of predation risk Survival of caddisfly larvae was 100% in both experiments. Body length of stick-type larvae was 17.2 ± 0.3 mm, while that of leaf-type larvae was 19.3 ± 0.5 mm, the latter being significantly larger (F 1,46 = 12.0, P = 0.0012; n = 24 for each larval type).
Experiment 1: stick-type larvae
The first observation (2 h after the beginning of the experiment) showed that more than half of the larvae were constructing a case, but there were no differences among the three groups (v 2 = 0.3, P = 0.96), or differences between treatments in the material used (v 2 = 3.7, P = 0.17). The same occurred after 4 h (case construction: v 2 = 0.3, P = 0.95; material used: v 2 = 2.0, P = 0.45). After 6 h, differences were still non-significant (case construction: v 2 = 1.1, P = 0.66; material used: v 2 = 1.3, P = 0.57), but there seemed to be a higher tendency to construct a case in larvae exposed to predator stimuli, compared to controls (Fig. 2a) . After 12 h, as all the larvae had constructed a case, I compared the three groups and found significant differences among them (v 2 = 7.0, P = 0.038); the majority of larvae exposed to predator stimuli used sticks, while most larvae not exposed to stimuli used leaves (Fig. 2b) , differences between controls and each of the treatment being significant (fish: v 2 = 4.3, P = 0.027; crayfish: v 2 = 6.3, P = 0.023). Larval length had no effect on case construction or material used at any time (P > 0.05 in all cases).
Experiment 2: leaf-type larvae
The first observation (2 h after the beginning of the experiment) showed that some larvae were cutting leaves (all soft), but none had started constructing a case. After 4 h, more larvae were cutting leaves (either soft or tough), but only two were constructing cases. After 6 h, more than half of the larvae were constructing cases, and differences among the three groups were significant (v 2 = 6.5, P = 0.044); separate analyses indicated that differences between controls and the fish treatment were non-significant (v 2 = 2.3, P = 0.11), while differences between controls and the crayfish treatment were significant (v 2 = 6.3, P = 0.020); some larvae were using soft leaves and some were using tough leaves, but differences between treatments were non-significant (v 2 = 3.2, P = 0.29). After 8 h, differences among the three groups were significant (v 2 = 7.5, P = 0.023), with the majority of larvae exposed to predator stimuli constructing cases and most controls not constructing cases (Fig. 2c) ; separate analyses indicated that differences between controls and the fish treatment were nonsignificant (v 2 = 4.0, P = 0.067), while differences between controls and the crayfish treatment were significant (v 2 = 6.3, P = 0.018); again, there were no differences in the type of leaf used (v 2 = 3.7, P = 0.23), although larvae exposed to the crayfish seemed to use tough leaves more than those exposed to the fish (Fig. 2d) . Larval length had no effect on case construction or material used at any time (P > 0.05 in all cases).
Experiment 3: behavioural reaction to the addition of fish stimulus
Larvae were active for 165 ± 3 s before the addition of water, and all individuals responded to water addition by stopping their activity and withdrawing within their cases. They usually (but not always) resumed their activity after a while, but activity was reduced and more variable (35 ± 8 s) in the second phase. Contrary to expectations, the extent of reduction in activity was similar between controls and treatment (F 1,36 = 0.28, P = 0.60) and between larval types (F 1,36 = 0.12, P = 0.73) (Fig. 3) .
Discussion
The results of this study show that the presence of a predatory fish (Squalius pyrenaicus) or crayfish (Procambarus clarkia) elicits a behavioural response from larvae of the caddisfly Calamoceras marsupus, which results in the construction of more protective cases. The chemical cues from the crayfish prompted a stronger response than those of the fish, particularly in larvae with a leaf-type case. Different responses are likely to be related to the different nature of predators, which can entail contrasting predation efficiencies. For example, crayfish may be more efficient in predating upon leaf litter-dwelling invertebrates because they also inhabit the leaf litter, which is an alternative food source for them (Parkyn et al. 2001) . In contrast, many fish (including S. pyrenaicus) live in the water column and thus are more efficient at predating on drifting invertebrates than upon benthic fauna (Boyero et al. 2005) . It is also possible that the concentration of crayfish chemical cues was higher than that of fish cues and that this may have had some effect on the strength of the response, although I am currently unable to examine this hypothesis.
Stick-type larvae all constructed a case, regardless of the presence or absence of predator stimuli. However, the use of different materials reflected contrasting levels of predation risk. Larvae used leaves when they were not exposed to predator cues, while they used sticks when exposed to such cues. This supports the hypothesis that stick-type cases are more energetically costly to construct than leaf-type cases (despite the fact that leaves, unlike sticks, need to be cut), and thus the latter are favoured when there is no predation risk. The most plausible explanation is that stick-type cases are composed of more pieces and thus probably need more silk secretion to have them cemented (Otto 1987) , as occurs with cases made of sand grains in contrast to cases made of organic material (Otto and Svensson 1980) . These larvae, however, showed no differences in response to either the fish or crayfish, as they all favoured stick-type cases. This result, together with the fact that leaf-type larvae seemed to favour tougher leaves in response to the crayfish, suggests that sticks may be similarly efficient against both predators, while leaves may be more or less efficient depending on their toughness, with softer leaves being ineffective against the crayfish. This is possible if softer leaves offer camouflage rather than physical protection (Williams et al. 1987) , which could prevent detection from the water column but not from organisms that are able to forage in the leaf litter.
Case construction generally occurred within a few hours, supporting the view that structures such as caddisfly cases provide a unique example of behaviourally mediated morphology, which provides an advantage typical of behavioural responses (i.e. speed, Briffa et al. Fig. 3 Results of Experiment 3 in which the activity of C. marsupus larvae was recorded before and after the addition of water with or without chemical cues from the fish S. pyrenaicus (treatment and controls, respectively). Bars show the difference in activity (in seconds ± SE) between both phases for treatments and controls, separately for stick-type and leaf-type larvae 2008), while still producing a durable morphological structure. The construction of more protective cases, however, can entail higher energetic costs, as mentioned above. More protective cases can also incur greater costs of transport when they are heavier or larger (Otto and Johansson 1995; Otto 2000) . The fact that leaf-type larvae were larger than stick-type larvae indicates that different larval instars may use different materials to construct their case, which could be explained by trade-offs between protection against predators and energetic requirements (Steiner and Pfeiffer 2007) . Late instars may invest fewer resources in case construction because they are closer to pupation. Case building diverts protein resources away from larval stores, which are of major importance to adult development in these organisms, which have little or no adult feeding (Stevens et al. 1999) . Smaller instars, in contrast, may favour protection because their smaller size makes them more vulnerable to predation (Culp and Scrimgeour 1993) and pupation is not imminent. This explains the fact that, in the experiments, all stick-type larvae constructed a case, while some leaf-type larvae chose not to construct a case when they perceived no predation risk. Still, all the larvae immediately withdrew within their cases when water was added to containers in Experiment 3, as a result of a perceived risk driven by mechanical or visual cues. This suggests that, regardless of larval instar or case type, they all use the case as protection and, in the short term, also reduce their activity in response to predation risk.
Several important conclusions can be drawn from this study. Firstly, caddisfly larvae are unique in that they are able to undergo morphological changes in response to predation risk within short time periods usually associated only with behavioural responses (i.e. within hours). Secondly, the rate of case construction and its resulting protection level can vary depending on predator nature, and the response to litter-dwelling predators is likely to be stronger than that to predators living in the water column. Third, the response to P. clarkii suggests that caddisfly larvae are able to recognize exotic predators, unlike other freshwater organisms (e.g. tadpoles, Go´mez-Mestre and Dı´az-Paniagua 2011). However, further studies are needed to fully understand the interactions of caddisfly larvae with exotic predators of different nature.
